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HIERARCHICAL AND EXACT FASTEST 
PATH COMPUTATION IN TIME-DEPENDENT 

SPATIAL NETWORKS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of priority from 
US. Provisional application entitled “Hierarchical and Exact 
Fastest Path Computation in Time-dependent Spatial Net 
Works”, ?led May 3, 2011, Application Ser. No. 61/482,001, 
the disclosure of Which is incorporated by reference in its 
entirety. 

STATEMENT AS TO FEDERALLY SPONSORED 
RESEARCH 

[0002] This invention Was made With government support 
under grant number CNS-0831505 aWarded by the National 
Science Foundation (NSF). The government has certain 
rights in the invention. 

BACKGROUND 

[0003] This speci?cation relates to path computation in 
spatial netWorks. 
[0004] The problem of point-to-point fastest path compu 
tation in spatial netWorks is extensively studied With many 
approaches proposed to speed-up the computation. Most of 
the existing approaches make the simplifying assumption that 
travel-times of the netWork edges are constant. With the ever 
groWing popularity of online map applications and their Wide 
deployment in mobile devices and car-navigation systems, an 
increasing number of users search for point-to-point fastest 
paths and the corresponding travel-times. On static road net 
Works Where edge costs are constant, this problem has been 
extensively studied and many e?icient speed-up techniques 
have been developed to compute the fastest path in a matter of 
milliseconds (e.g., Hanan Samet and Jagan Sankaranaray 
anan and Houman AlborZi, Scalable Network Distance 
BroWsing in Spatial Databases, SIGMOD, pages 33-40, Tor 
onto, Canada, 2008; Ulrith Lauther, An Extremely Fast, Exact 
Algorithm for Finding Shortest Paths in Static Networks With 
Geographical Background, Geoinformation and Mobilitat, 
pages 33-40, Toronto, Canada, 2004; Wagner, Dorothea and 
Willhalm, Thomas, Geometric Speed-Up Techniques for 
Finding Shortest Paths in Large Sparse Graphs, ESA, 2003; P. 
Sanders and D. Schultes, HighWay hierarchies hasten exact 
shortest path queries, ESA, 2005; and Sanders, Peter and 
Schultes, Dominik, Engineering fast route planning algo 
rithms, WEA, 2007). 

SUMMARY 

[0005] The static fastest path approaches make the simpli 
fying assumption that the travel-time for each edge of the road 
netWork is constant (e.g., proportional to the length of the 
edge). HoWever, in the real-World, the actual travel-time on a 
road segment heavily depends on the traf?c congestion and, 
therefore, is a function of time i.e., time-dependent. For 
example, FIG. 1 shoWs the variation of travel-time 100 (com 
puted by averaging tWo-years of historical traf?c sensor data) 
for a particular road segment of the 1-10 freeWay in Los 
Angeles as a function of arrival-time to the segment. As 
shoWn, the travel-time of this segment changes With time (i.e, 
the time that one arrives at the segment entry determines the 
travel-time), and the change in travel-time is signi?cant. For 
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instance, from 8 AM to 9 AM the travel-time of this single 
segment changes from 32 minutes to 18 minutes (a 45% 
decrease). By induction, one can ob serve that the time-depen 
dent edge travel-times yield a considerable change in the 
actual fastest path betWeen any pair of nodes throughout the 
day. Speci?cally, the fastest path betWeen a source and a 
destination node varies depending on the departure-time from 
the source. Unfortunately, all those techniques that assume 
constant edge Weights fail to address the fastest path compu 
tation in real-World time-dependent spatial netWorks. 
[0006] In general, an aspect of the subject matter described 
in this speci?cation can be embodied in a method that 
includes the actions of: partitioning a road netWork graph into 
subgraphs, Wherein the road netWork graph has associated 
time-dependent edge Weights; for each one of the subgraphs, 
Which includes interior nodes and border nodes, determining 
a minimum loWer-bound fastest path cost betWeen the border 
nodes and the interior nodes of the one subgraph, based on 
minimum edge Weight values in the one subgraph; for each 
pair of the subgraphs, determining a minimum loWer-bound 
fastest path cost betWeen respective border nodes of the pair 
of sub graphs, based on minimum edge Weight values betWeen 
the pair of subgraphs; ?nding a path betWeen a ?rst node in a 
?rst of the subgraphs and a second node in a second of the 
subgraphs using a search directed in accordance With a loWer 
bound estimator of travel time, the loWer-bound estimator 
being the minimum loWer-bound fastest path cost betWeen 
the border nodes and the interior nodes of the ?rst subgraph, 
the minimum loWer-bound fastest path cost betWeen respec 
tive border nodes of the ?rst and second subgraphs, and the 
minimum loWer-bound fastest path cost betWeen the border 
nodes and the interior nodes of the second subgraph. 

[0007] These and other embodiments can optionally 
include one or more of the folloWing features. The search can 
include a ?rst search and a second search, and the ?nding can 
include: running the ?rst search for the road netWork graph in 
a forWard direction, directed in accordance With the loWer 
bound estimator of travel time, With the time-dependent edge 
Weights taken into consideration; and running, concurrently 
With the ?rst search, the second search for the road netWork 
graph in a backWard direction, directed in accordance With 
the loWer-bound estimator of travel time, With minimum pos 
sible travel times substituted for the time-dependent edge 
Weights; Wherein, after search frontiers of the ?rst and second 
searches meet, results of the second search limit nodes to be 
explored by the ?rst search to ?nd a fastest path. The parti 
tioning can include partitioning the road netWork graph into 
the subgraphs based on prede?ned edge class information for 
the road netWork graph. In addition, determining the mini 
mum loWer-bound fastest path cost betWeen the border nodes 
and the interior nodes of the one sub graph can include: deter 
mining a minimum loWer-bound fastest path cost to any of the 
border nodes of the one, subgraph for each of the interior 
nodes of the one subgraph; and determining a minimum 
loWer-bound fastest path cost to any of the interior nodes of 
the one subgraph for each of the border nodes of the one 
subgraph. 
[0008] The partitioning can include partitioning the road 
netWork graph into a hierarchy of levels of the subgraphs, the 
?nding can include beginning the search at a ?rst level of the 
hierarchy and then exploring the hierarchy levels in ascend 
ing order, and the method can further include: for each of 
multiple transit nodes connecting adjacent levels of the hier 
archy, precomputing a core region and an extended region 
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around the transit node based on loWer-bound and upper 
bound graphs corresponding to the road netWork graph; and 
identifying one of the multiple transit nodes through Which to 
start searching an adjacent higher level of the hierarchy using 
the core regions and the extended regions for the transit 
nodes. The precomputing can include, for each one of the 
multiple transit nodes, determining the core region by: 
expanding a fastest path tree from the one transit node using 
upper-bound travel-time; expanding fastest path trees from 
remaining ones of the transit nodes using loWer-bound travel 
times; and stopping expansion of the fastest path tree from the 
one transit node When it meets the fastest path trees from the 
remaining ones of the transit nodes. Furthermore, the pre 
computing can include, for each one of the multiple transit 
nodes, determining the extended region by: expanding a fast 
est path tree from the one transit node using loWer-bound 
travel-time; expanding fastest path trees from remaining ones 
of the transit nodes using upper-bound travel-times; and stop 
ping expansion of the fastest path tree from the one transit 
node When it meets the fastest path trees from the remaining 
ones of the transit nodes. 

[0009] The identifying can Include, for a given node in a 
?rst level of the hierarchy: checking the core regions for one 
such core region having the given node inside; if the one such 
core region is found, identifying the corresponding transit 
node as the one of the multiple transit nodes through Which to 
start searching the adjacent higher level of the hierarchy; and 
if the one such core region is not found, determining a subset 
of the extended regions that have the given node inside, and if 
the subset contains only one extended region, identifying the 
corresponding transit node for the one extended region as the 
one of the multiple transit nodes through Which to start 
searching the adjacent higher level of the hierarchy, else, 
identifying a closest transit node, from the transit nodes cor 
responding to the extended regions of the subset, as the one of 
the multiple transit nodes through Which to start searching the 
adjacent higher level of the hierarchy. Finally, the method can 
also include providing a user interface including an element 
that alloWs selection of a neW departure time, after receipt of 
a query indicating the ?rst node and the second node, to revise 
the path found betWeen the ?rst node and the second node 
based on the neW departure time. 

[0010] The described and claimed methods can be imple 
mented using a computer program encoded on a computer 
readable medium or in a larger computer system (e.g., an 
online mapping and direction ?nding server system). Thus, 
according to another aspect of the subject matter described in 
this speci?cation, a computer-readable medium encodes a 
computer program product operable to cause data processing 
apparatus to perform operations in accordance With any of the 
method claims; and a system can include: a user interface 
device; and one or more computers that interact With the user 
interface device, the one or more computers including at least 
one processor and at least one memory device, Where the one 
or more computers are con?gured and arranged to perform 
operations in accordance With any of the method claims. 

[0011] According to another aspect of the subject matter 
described in this speci?cation, a computer-readable medium 
encodes a computer program product operable to cause data 
processing apparatus to perform operations including: parti 
tioning a road netWork graph into subgraphs, Wherein the 
road netWork graph has associated time-dependent edge 
Weights; for each one of the subgraphs, Which includes inte 
rior nodes and border nodes, determining a minimum loWer 
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bound fastest path cost to any of the border nodes for each of 
the interior nodes, and determining a minimum loWer-bound 
fastest path cost to any of the interior nodes for each of the 
border nodes; for each pair of the subgraphs, determining a 
minimum loWer-bound fastest path cost betWeen any tWo 
border nodes of the pair; ?nding a path betWeen a ?rst node in 
a ?rst of the subgraphs and a second node in a second of the 
subgraphs using a search directed in accordance With a loWer 
bound estimator of travel time, the loWer-bound estimator 
being the minimum loWer-bound fastest path cost from the 
?rst node to a border node of the ?rst sub graph, the minimum 
loWer-bound fastest path cost betWeen any tWo border nodes 
of the ?rst and second subgraphs, and the minimum loWer 
bound fastest path cost from a border node of the second 
subgraph and the second node. This aspect can also be imple 
mented as a system or a method, and these and other embodi 
ments can optionally include one or more of the method 
features addressed above. 
[0012] According to another aspect of the subject matter 
described in this speci?cation, a system includes: a user inter 
face device; and one or more computers that interact With the 
user interface device, the one or more computers including at 
least one processor and at least one memory device, the one or 
more computers con?gured and arranged to partition a road 
netWork, having associated time-dependent edge Weights, 
into a hierarchy of levels for use in ?nding a path betWeen 
nodes of the road netWork, Where the ?nding includes begin 
ning a search at a ?rst level of the hierarchy and then explor 
ing the hierarchy levels in ascending order, and the one or 
more computers con?gured and arranged to, for each of mul 
tiple transit nodes connecting adjacent levels of the hierarchy, 
precomputer a core region and an extended region around the 
transit node based on loWer-bound and upper-bound graphs 
corresponding to the road netWork graph, and identify one of 
the multiple transit nodes through Which to start searching an 
adjacent higher level of the hierarchy using the core regions 
and the extended regions for the transit nodes. This aspect can 
also be implemented as a method or a computer-readable 
medium, and these and other embodiments can optionally 
include one or more of the method features addressed above. 

[0013] In addition, in system implementations, the one or 
more computers can include a server operable to interact With 
the user interface device through a data communication net 
Work, and the user interface device can be operable to interact 
With the server as a client. The user interface device can 

include a mobile phone or satellite navigation device. Finally, 
the one or more computers include be one personal computer, 
and the personal computer can include the user interface 
device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIG. 1 shoWs the real-World travel-time pattern on a 
segment of 1-10 freeWay in Los Angeles betWeen 6 AM and 8 
PM on a Weekday. 

[0015] FIG. 2 shoWs a spatial netWork modeled as a time 
dependent graph in Which edge travel-times are function of 
time. 

[0016] FIG. 3A shoWs Google Maps offering tWo altema 
tive paths for an origin and destination pair in the Los Angeles 
road netWork. 

[0017] FIGS. 3B-3H shoW the time-dependent path recom 
mendations for the same origin and destination pair computed 
using different departure times. 




























